Acidosis leads to mechanical alternans (i.e., alternation of large and small contractions) in ferret papillary muscles. This alternation in the size of the contraction is paralleled by alternation in the size of the intracellular Ca'+ transient ( Ca'+ transient that underlies contraction) produces the observed changes in action potential duration6; second, that alternation of action potential duration5J1 is the primary event and that this leads to the mechanical alternans, because it is known that the strength of contraction depends on action potential duration.12-14 In the present study we have tried to distinguish between the two possible causes of the mechanical and electrical alternans observed during acidosis. Our results suggest that the electrical alternans is secondary to the mechanical alternans, because in isolated myocytes under voltage-clamp control, mechanical alternans persists during a train of voltage-clamp pulses when the period of depolarization is constant.
and it recently has been reported that the mechanical alternans produced by acidosis can be accompanied by electrical alternans5 alternation of the duration of the action potential -with the large contractions being associated with a prolonged action potential and small contractions with short action potentials ("concordant" alternans).6 Acidosis is one of the major consequences of myocardial ischemia, and it appears possible, therefore, that acidosisinduced alternans may be one of the components of the alternans that occurs during ischemia.7-10 Action potential alternans during ischemia may lead to arrhythmias and fibrillation.'0 Two possibilities have been suggested to explain concordant alternans, and these could apply to acidosis: First, that alternation in the size of the contraction (presumably produced by alternation of the the observed changes in action potential duration6; second, that alternation of action potential duration5J1 is the primary event and that this leads to the mechanical alternans, because it is known that the strength of contraction depends on action potential duration. [12] [13] [14] In the present study we have tried to distinguish between the two possible causes of the mechanical and electrical alternans observed during acidosis. Our results suggest that the electrical alternans is secondary to the mechanical alternans, because in isolated myocytes under voltage-clamp control, mechanical alternans persists during a train of voltage-clamp pulses when the period of depolarization is constant.
Materials and Methods
Two preparations of ferret heart muscle were used in these experiments. The methods for each have been published previously15'16; brief details are given below.
Papillary Muscle Experiments
For full details, see Allen and Orchard.'5 Briefly, ferrets were anesthetized by intraperitoneal injection of 120 mg pentobarbital. The heart was removed and washed in physiological salt solution (see below) at room temperature. A thin (< 1 mm) papillary muscle was dissected from the right ventricle and mounted in a muscle bath between a fixed hook and a force transducer based on an Akers element (AE801, Sensonor a.s., Horten, Norway). The muscle was superfused continuously with physiological salt solution at 30°C and stimulated via punctate electrodes using 2-msec pulses at about 1.2x threshold.
The Ferret Papillary Muscles Figure 1 shows records of force and aequorin light from a ferret papillary muscle that developed mechanical alternans when exposed to an acid solution in the presence of 1 To investigate whether this alternans was dependent on the rate of stimulation of the preparation, the rate was changed as shown above the record. In the bottom panel of Figure 1 , fast time base records of aequorin light and force from the times indicated in the top panel show that increasing stimulation rate from 0.33 to 1 Hz exacerbated the alternans (the ratio of the magnitude of large to small contractions was 1.8 at 0.33 Hz and 8.75 at 1 Hz), whereas decreasing the rate of stimulation to 0.17 Hz abolished the alternans (large to small ratio was 1).
Thus, the mechanical alternans produced by acidosis is accompanied by alternation in the size of the aequorin light (i.e., Ca2+) transient, and the degree of alternation depends on stimulation rate, with a decrease in rate leading to a decrease in the severity of the alternans.
Action Potential Duration During Mechanical Altemans in Isolated Myocytes
The size of the Ca2' transient either could cause, or be a consequence of, changes of action potential duration. It was therefore of interest to monitor action potential duration during acidosis-induced mechanical alternans.
The top panel of Figure 2 shows a chart recording of cell length and membrane potential from an isolated ventricular myocyte before and during exposure to acidosis. On exposure to the acid solution, the cell developed a marked mechanical alternans. The bottom panel of Figure 2 shows superimposed action potentials from two consecutive beats, under control conditions (left) and during acidosis-induced alternans (right). Action potential duration also showed alternation during acidosis: the large contraction was accompanied by a prolonged action potential and the small contraction by a short action potential (n =five cells from five hearts).
There are two possible explanations for the asso- To distinguish between these possibilities, the experiment shown in Figure 3 was performed on a cell that had been impaled with a conventional microelectrode. The top panel shows chart recordings of cell length and membrane potential obtained while the cell was being stimulated by brief current pulses to produce action potentials at 0.5 Hz. On exposure to the acid solution, the cell developed mechanical alternans. The cell then was returned to control pH, and the membrane potential was clamped to -85 mV and stepped to -20 mV for 300 msec at 0.5 Hz (i.e., the period of depolarization remained constant). The bottom panel of Figure 3 shows the response of the cell to the acid solution during a train of such voltage-clamp pulses: it still developed marked mechanical alternans. Similar results were obtained in seven cells from six hearts. Because mechanical alternans can occur in the absence of alternation of action potential duration, it appears likely that the alternation of action potential duration observed during acidosis-induced mechanical alternans is a consequence, rather than a cause, of the alternation of the size of the Ca2+ transient.
Possible Mechanisms for Changes in Action Potential Duration
If the changes in action potential duration observed during mechanical alternans are a consequence of the mechanical alternans, there must be a mechanism whereby a large contraction (and associated large Ca2' transient) can lead to prolongation of the action potential. One possible mechanism is that there are changes in a Ca2'-activated inward current during alternans, and this is responsible for the observed changes in action potential duration. This possibility was investigated in the experiment shown in Figure 4 . Figure 4A shows chart records of cell length, membrane current, and membra-ne potential from an isolated myocyte before and during exposure to acidosis. Membrane potential was under voltageclamp control and was held at -80 mV before being stepped to -40 mV for 100 msec and then to 0 mV for 100 msec at 1 Hz. On exposure to the acid solution, the cell developed a marked mechanical alternans. Figure 4B shows Figure 4B shows that during acidosisinduced mechanical alternans, the size of this current also shows alternation. Figure 4C shows that during a large contraction, the tail current is large; during a small contraction, the current is smaller. These changes probably reflect the changes in the size of the Ca2' transient shown in Figure 1 Figure 5 was designed to test this possibility. The left panels of Figure 5 show the protocol adopted in these experiments. Mechanical restitution curves were constructed for ferret papillary muscles by interpolating test beats at varying intervals after a train of steady-state contractions at 0.3 Hz. As the time between the end of the train of steady-state beats and the test beat increased, so the size of the test beat also increased. It previously has been shown that mechanical restitution curves obtained in this way in this preparation are abolished by inhibitors of the SR, suggesting that they predominantly are due to Ca2' recycling by the SR. '9 The top panel on the right of Figure 5 shows such restitution curves obtained under control conditions and during acidosis. Acidosis markedly slowed the rate of mechanical restitution in this preparation. This is shown more clearly in the bottom panel on the right of Figure 5, 
Possible Mechanisms of Mechanical Altemans
It has been suggested that alternans may result from different groups of cells in a multicellular preparation contracting asynchronously,' or from alternating depletions of K' in intercellular clefts,20 but the demonstration that alternans could be induced by acidosis in an isolated cardiac cell ( Figure  2 ) makes both of these mechanisms unlikely. An explanation of this alternans must be sought at the cellular level.
Changes of action potential duration.5 It is known that changes of action potential duration can have marked effects on the strength of contraction.12-'4 A prolongation of the action potential increases the strength of the beat with which it is associated to some extent, but has a more marked effect on the subsequent contraction.14 Thus, a primary change in action potential duration can alter the strength of contraction. However, the present results make it unlikely that the mechanical alternans induced by acidosis is secondary to changes in action potential duration because it also was observed during a train of voltage-clamp pulses of constant duration ( Figure  3 ). In addition, because the prolongation is thought to affect predominantly the strength of the subsequent beat rather than the beat with which it is associated,2' it might be expected that during concordant alternans, the prolonged action potential associated with the large contraction would tend to potentiate the smaller subsequent contraction. Conversely, the shorter action potential accompanying the small contraction would tend to inhibit the larger subsequent contraction. Thus, the observed changes of action potential duration would be expected to minimize the mechanical alternans.
Incomplete relaxation between contractions.6 It has been suggested that incomplete relaxation would prevent full activation on the subsequent contraction,6 leading to a smaller contraction. However, during acidosis the duration of contraction decreases'8 ( Figure 4 ), so that relaxation should be more complete during acidosis than at normal pH, making this mechanism unlikely. Altered Ca2+ cycling by the sarcoplasmic reticulum.3 It previously has been shown that mechanical alternans can be inhibited by the SR inhibitor caffeine,
suggesting that a change in Ca2' cycling by the SR is involved in the genesis of mechanical alternans.3 Slowing of mechanical restitution (that is, the rate at which the Ca2' release processes reprime between contractions) could lead to alternans by the following mechanism.22 If mechanical restitution is slowed, then less Ca21 will be available for release in the next contraction (because less will have been recycled ready for release). The amount of Ca2' released in response to the next stimulus therefore will be small, resulting in a small Ca21 transient; this will enhance Ca2' entry across the cell membrane (via both the Ca2' current and Na+/Ca2' exchange23). The Ca2' release in response to the next stimulus then will be larger because it will use Ca21 from enhanced Ca21 entry across the cell membrane, Ca21 that was not released in response to the previous stimulus (because of incomplete restitution), and Ca21 that has been recycled from the previous release. This large Ca2+ transient will inhibit Ca2' entry across the cell membrane, and so the next contraction will be smaller. This cycle can continue to produce alternans. Five observations are in accord with this idea.
1) If the rate of stimulation is decreased (allowing more time for restitution between contractions), mechanical alternans is inhibited, suggesting that incomplete restitution may underlie alternans.
2) Many of the ways in which alternans may be produced experimentally (acidosis, decreased temperature, lowering bathing [Ca2+]1-3) all have a common effect in slowing the rate of mechanical restitution (this study and Reference 24).
3) The SR inhibitors caffeine and ryanodine abolish mechanical restitution (Reference 19 show alternation during acid-induced alternans, making it unlikely that changes in ICa underlie such alternans (either by activating the myofilaments directly25 or by altering Ca2' release from the SR26).
5) Mechanical alternans could be produced more easily in single cells than in multicellular preparations; it was never observed in papillary muscles unless a more acid solution (30% C02, pH 6.7) was used than that required to produce alternans in single cells (15% C02, pH 6.85). This may be because it was possible to stimulate single cells at higher rates without producing a hypoxic region of the preparation. The higher rate of stimulation would tend to limit the degree of restitution that could occur between contractions, and thus lead to alternans. To produce alternans in a papillary muscle, it was necessary to use a more extreme acidosis and the Na+/H+ exchange inhibitor amiloride. It seems likely that this would lead to a more marked intracellular acidosis, and hence a more marked slowing of mechanical restitution, so that alternans could be induced at a lower stimulation rate. However, it also is possible that because single cells appear to have a lower buffering power than multicellular preparations,27 exposure to an acid solution would lead to a more marked intracellular acidosis in this preparation than in papillary muscles.
These results support the idea that mechanical alternans induced by acidosis arises from a decrease in the rate at which Ca21 is recycled for release by the SR. This leads to alternation in the size of the Ca21 transient, which is the primary cause of the mechanical alternans.
Possible Mechanisms for the Altenation ofAction Potential Duration
Although mechanical alternans during acidosis did not appear to depend on the accompanying changes of action potential duration, it seems possible that the changes of action potential duration were a consequence of the mechanical alternans. For example, if the large Ca2+ transient that underlies the large contraction of mechanical alternans activates an inward current,5 this would increase action potential duration.
A Ca2+-activated current previously has been identified in single cells from the ferret heart.28 This current appears to be activated by the Ca2' transient that activates contraction, and it changes in parallel with the strength of contraction during experimental maneuvers such as alteration of bathing Ca2', changes of rate, and application of inhibitors of the SR. 28 Although this current can be observed while the cell membrane is depolarized during a voltageclamp pulse, we have studied it as the tail current that appears on repolarization of the cell membrane; repolarization increases its magnitude because of an increased driving force for an inward current, which may be carried by the Na+/Ca2' exchange mechanism, or via Ca2+-activated nonspecific channels.
Although both mechanisms appear to exist in heart muscle, present evidence favors the Na+/Ca2' exchanger as the main current carrier. 29 In the present study, the Ca2+-activated tail current showed marked alternation during mechanical alternans, the large contraction (and Ca2+ transient) being accompanied by a large tail current (Figure 4 ). This current could provide a mechanism whereby the large Ca2+ transient that occurs during alternans leads to prolongation of the action potential.
One problem with this explanation is that in some cells the twitch (and hence, presumably, the Ca2+ transient) appeared to be complete before repolarization of the action potential. However, in these cells there was a tail of contraction, so there might be a slow tail to the Ca21 transient that could activate the inward current and hence alter action potential duration.
A final point is that concordant alternans always was observed in the present study (i.e., a long action potential was associated with a large contraction).
However, a second type of alternans -discordant alternans -also has been described in which a short action potential is associated with the large contraction. 6 
Conclusion
In the acidosis-induced alternans described in this paper, the long action potential was associated with the large contraction (concordant alternans). The results described above suggest that the primary cause of this type of alternans is a change in Ca`+ cycling by the SR, which leads to alternation in the size of the Ca`+ transient and hence to alternation in the size of contraction and in action potential duration.
